A pulsed arc heater was designed and manufactured at Centrospazio to equip a new hypersonic high-enthalpy blow-down wind tunnel capable of producing flows with a specific total enthalpy up to 2.5 MJ/kg. The heater mainly consists of two coaxial electrodes, separated by a constrictor, and a plenum chamber. The flow is heated by an electric arc ignited between the electrodes and sustained by the discharge of a large capacitor bank. The plenum chamber allows the flow to reach thermo-chemical equilibrium before the expansion in the wind tunnel nozzle. A numerical model was developed to simulate the unsteady behavior of the arc heater. The model was used during the design phase to optimize the geometrical and temporal parameters of the heater and the flow residence time. Experimental results from preliminary characterization compare favorably with numerical predictions. More than 600 runs have been performed up to date, demonstrating heater reliability and capabilities.
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Introduction
A hypersonic high-enthalpy, arc-heated, blowdown wind tunnel (HEAT) was recently developed and installed in Centrospazio 1 , with the aim of performing experiments in the framework of ESA "Future European Space Transportation Investigation Programme" 2, 3 . In this contest, a shock-wave/boundary-layer experimental study on a 2D flat plate/compression ramp model with artificially heated walls has been carried out, with the aim of investigating the effect of the wall to stagnation temperature ratio on local pressure coefficient and heat flow.
The tunnel is capable of delivering Mach 6 flows with a specific total enthalpy up to 2.5 MJ/kg on an effective test section 60 mm in diameter, in the low to medium Reynolds number range (10 4 
÷10
6 ). It operates in a pulsed, quasi-steady mode, with running time ranging from 10 to 30 ms.
HEAT facility mainly consists of an arc gas heater and an expansion nozzle, installed in a vacuum chamber 4.1 m 3 in volume. Auxiliary systems are fitted to the arc heater to provide it with working fluid and energy, as described below. The chamber is evacuated by four Edwards HISC 3000 rotary pumps until an ultimate pressure of 10 Pa is reached before each run. This vacuum level allows an under-expanded hypersonic flow-field to be maintained at the nozzle exit for a running time longer than 200 ms. However, the power system presently available limits the duration of the steady state hot pulse to about 30 ms. This paper deals with the arc heater design and the experimental characterization carried out so far, using air as working fluid. Measurements of arc input power, stagnation temperature and pressure in the plenum chamber during the pulse are illustrated.
Arc Heater Description
The arc heater consists of an electrodesconstrictor discharge chamber and a plenum chamber. The electrodes have a coaxial, arcjet-like configuration: the central cathode is made of 2% thoriated tungsten and is separated from the coaxial copper anode by a boron nitride constrictor. The working fluid is injected into the discharge chamber by means of two fast acting solenoid valves, capable of providing a quasi-steady flow pulse 100 ms in duration. A 5000 cc reservoir is placed upstream each valve to maintain a constant back pressure (up to 50 bar) during the gas pulse.
The flow is heated by an electric arc ignited between the electrodes. The constrictor provides arc stability and improves energy exchange between arc column and surrounding flow 4 . A coaxial magnetic field (with an intensity of a few tenths of gauss) is applied to spin the arc and hence to avoid its concentration on a single anode spot for the entire discharge time 5 . Two boron nitride screens are placed in front of the cathode both to gather possible erosion products from the cathode itself and to induce turbulence in the flow. Turbulence enhances mixing between hot and cold regions of the gas, facilitating a uniform distribution of energy in the entire flow.
The plenum chamber is designed to give the flow a sufficiently long residence time to reach chemical and vibrational equilibrium before the expansion in the wind tunnel nozzle. To this purpose, a computer program was developed 6 to study the non-equilibrium evolution of chemical reactions from the arc region to the nozzle inlet: a six-reactions chemical model 7 was used, with time constants obtained from available literature. The reactions considered are:
For vibrational relaxation the Landau-Teller 8 model was assumed, with time constants found in literature 9 . Neither coupling between vibrational and chemical relaxation rates nor ionization effects were considered. A sudden step change in pressure and temperature (as resulting for the gas flowing into the plenum chamber) is applied and the dynamic response of the system is computed. The initial flow conditions at the plenum inlet are calculated having assumed equilibrium conditions in the arc region, with the arc column in local thermodynamic equilibrium (LTE, assumption usually valid for thermal arcs 10 ) and global thermochemical equilibrium (requiring a sufficiently long residence time of the gas at the pressure and temperature characteristic of the arc column itself). The average convective flow is then superimposed to the time response, obtaining an estimate of the length required to reach complete relaxation.
The results obtained show that complete 
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relaxation is achieved over a distance of less than 5 mm, for plenum conditions of few bars in pressure and less than 3000 K in temperature. These results, although approximated, represent a good estimation of the order of magnitude of the phenomena. Consequently, they can be used for a conservative design of the plenum chamber, provided its length is much longer than the relaxation length so evaluated. The arc heater is designed to be easily modified for different test campaigns: different injectors and constrictor configurations can be installed, insulating spacers of different length can be mounted to change the plenum chamber volume, many electrodes-constrictor configurations can be set up. A view of the heater is shown in Fig. 1 .
The electric feeding system consists of a 12.5 mF capacitor bank, which can be charged up to 2400 V, a 26 mH inductance and a 3.8 Ω resistor, arranged as illustrated in Fig 2. The circuit configuration is designed to obtain an electric pulse with a quasi-steady plateau at least 15 ms long, during which a power up to 200 kW is supplied to the electrodes.
To avoid very high charging voltage to ignite the arc, the discharge of an auxiliary capacitor bank provides auto-ignition of the arc, few milliseconds after the solenoid valve activation, as soon as the pressure between the electrodes reaches a critical value in accordance with Paschen law 11 (typically in the order of a few hundreds Pa, depending on gas composition and electrode voltage difference and distance). Moreover, the auxiliary circuit, shown in Fig. 2 , sustains the arc as long as the pressure in the discharge chamber reaches an optimal value (about 2 bar, as resulting from the model described in the following pages) and the main capacitor bank is activated by an ignitron. The delay between valve and ignitron activation is electronically programmable with a resolution of 0.5 ms.
Arc Heater Numerical Model
To perform a simulation of the arc heater transient behavior and hence to optimize the geometrical dimensions and time constants of the system, a lumped-parameter/control-volume model was developed and implemented in a numerical code 1, 6 . Assuming that gasdynamic parameters are space-independent (and equal to an average value) inside each control volume, that the working fluid is a thermally perfect gas (
, that conduction and radiation effects are negligible for the time scale considered and that kinetic energy contribution to total enthalpy can be neglected inside the control volume (subsonic flow), the unsteady conservation equations in Eulerian description can be integrated over a volume coincident with the physical volume considered. A set of two coupled, time-dependent integral equations is obtained for each volume, one for the pressure derivative and one for the temperature derivative. The equations are written below, in general form and with clear notations:
The interfaces between volumes (physically the restricted sections) can be modeled using quasi-1D 
Schematizing the arc heater as composed by 4 volumes connected by 3 sections (as shown in Fig.  3 ), the resulting dynamic system is described by 17 coupled equations. The forcing actions on the system are the opening of the valves, described by a trapezoidal law, and the input power from the arc to the gas. Two different power laws were examined: a simplified trapezoidal input and a real input signal as measured directly at the electrodes. The latter case was considered for model validation, by comparing numerical and experimental results.
For the sake of simplicity, the possible development of standing shocks inside the arc heater was neglected. Since the heater configuration adopted does not allow the development of standing shocks, the model can be considered properly applied to the case herein described.
Arc Heater Constraints and Optimization
Assuming that the optimum configuration can be described as the maximum of an objective function in a n-dimensional space (n being the number of parameters to be optimized), under certain assumptions on the objective function second derivatives, it is possible to follow an optimization strategy on each individual parameter. Hence, optimum configuration was achieved by varying single variables in the arc heater simulation program. Moreover, some parameters underwent geometrical and/or operational constraints, as listed below:
• the reservoir volume and pressure cannot exceed 0.01 m 3 and 50 bar respectively for assembly and safety concerns;
• the injector effective area must be a multiple of 12.5 mm 2 to allow available, commercial valves to be used;
• the discharge chamber volume cannot be less than 5 cm 3 to permit usage of an available cathode assembly;
• the plenum chamber volume cannot be less than 25 cm 3 to permit installation of ceramic screens, the length cannot be less than 15 mm to allow full chemical and vibrational relaxation of the flow;
• the nozzle throat area is dictated by the Mach 6 condition in the 60 mm diameter test section.
The objective of the optimization is to maximize the quasi-steady period for a given discharge time: the relevant variables are pressure and temperature inside the plenum chamber, that represent stagnation conditions for the test section flow.
The optimization was performed referring to a nominal test condition, shown in Table 1 . A second condition was subsequently verified (Table 2) to assess operation flexibility of the facility. 
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Numerical Results
The set of equations defined above was solved numerically, by means of an Adams-Gear integration algorithm, with variable step size and error control. Every parameter (both geometrical and temporal) was singularly optimized using the simulation program.
It was found that the optimal volume for both the discharge and plenum chambers is slightly greater than the minimum allowed. The arc ignition optimal time delay was found to be 8.5 ms. A twovalve configuration was chosen for ease of assembly, since the facility performance resulted not sensibly increased by using more than two valves. A reservoir pressure of 710 kPa in and 48 kW of input power are needed to reach design conditions. Some parametric plots are shown in Figs. 4-7, together with a full set of results for the optimal configuration at design test conditions (Figs. 8-11 ). Notice that mass flow rate is constant (and equal to 0.024 kg/s) along the arc heater as long as the discharge is on, indicating that steady conditions are reached. Flow is subsonic everywhere inside the heater and only the nozzle throat is sonic.
Tuning of some of the simulation parameters (i.e. restricted sections efficiencies) was performed by fitting computed to measured results for a series of cold runs during which a gas pulse is generated 
Characterization Results
A preliminary characterization has been performed to assess the capabilities of the arc heater: measurements of plenum chamber temperature and pressure, voltage and current (and therefore power) at the electrodes were carried out using air as working fluid. The pressure was measured with a fast response piezo-resistive transducer (Kulite™ HKM 375), the temperature with Omega™ platinum/ platinum-rhodium 1/1000" dia. thermocouples (the smallest diameter commercially available, as far as the authors know). 7 considered quite cautiously, since the thermocouple response time is of the same order of magnitude of the useful running time. A numerical correction method 6,12,13 was developed to calculate real temperatures from thermocouple measurements. However, temperature measurements shown herein should be considered only as preliminary results. A new fast-response technique, based on thin-film heat transfer gauges, is being developed at Centrospazio in collaboration with Oxford University (UK) and will eventually be used for more accurate total temperature measurements.
The simulation code was validated against experimental data by using real (measured) power signals as input for the program itself. An energy transfer efficiency, ε , was introduced to take into account heat losses due to conduction, radiation and electrodes losses. Efficiency can therefore be defined as:
The efficiency can be assumed as given by a term relevant to electrode sheath losses times a term relevant to thermal losses:
Good agreement between experimental and numerical results was found for every case considered, with efficiency values ranging from 0.3 to 0.5, depending on total power input (higher power inputs give better efficiency): these values agree with an analytical calculation based on classical thermal arc theory 10, 14, 15, 16 , that for considered geometry and conditions yields:
where V sheaths is the sum of cathode and anode sheath voltage fall, equal to 35 V in the present case 16 . For air the arc characteristic constants are 8 empirically found to be m=0.31 and k=0.60 10 . Therefore the simulation program can be quite confidently used as a tool to predict feasibility of different test conditions. An example is shown in Figs. 13,14 . Notice that the power signal is quite different from the ideal trapezoidal one assumed in the preliminary phase: nevertheless pressure seems to be not greatly affected by power oscillations but instead seems to depend on the average value.
A certain amount of electrode and ceramic screen erosion (especially for the cathode) was observed. A cathode mass loss of 7-23 mg/C can be expected for the ignition procedure used 17 , which gives a tungsten flow contamination of 65-260 ppm for design conditions. Flow contamination caused by copper should be less than 2 ppm. No damage of the tested models due to debris impact was observed during the tests.
A series of runs was performed to assess the repeatability of arc heater performance for different nominal operation conditions (i.e. reservoir pressure and capacitor bank charge). Low performance runs were carried out, with a reservoir pressure of 500 kPa and a capacitor charging voltage of 735 V. High performance runs were obtained with a reservoir pressure of 900 kPa and a capacitor charging voltage of 1220 V. A sample of the results is shown in Figs. 15-17 , relevant to a 10 ms interval during the quasi-steady phase.
The results obtained indicate that good repeatability exists both for pressure and temperature in the plenum chamber (though temperature measurements are, as said, affected by a relatively large uncertainty).
Conclusions
Taking advantage from its experience on arcjets and plasma sources for space applications, Centrospazio has recently developed and successfully tested a pulsed arc heated wind tunnel for hypersonic activities.
Tests carried out so far have shown both the reliability of the arc heater and, more in general, the effectiveness of the numerical tools developed for arc heater design, despite their relatively simplicity. More than 600 runs using air as working fluid have been performed in the second half of 1996, with no part replacements and without significant damage of the components (except cathode erosion and a minor failure on one of the ceramic screens). 
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A good repeatability of plenum chamber flow parameters (stagnation pressure and temperature) has been observed for all the operation condition investigated.
Stagnation temperatures in excess of 2500 K have been observed, demonstrating the possibility to extend the arc heater capability beyond the maximum design temperature foreseen at the beginning of the activity.
However, further efforts are necessary both to improve arc heater performance and to thoroughly assess its performance. In particular, improvements of the energy transfer efficiency could be obtained by an optimization of the electrodes-constrictor configuration.
More accurate stagnation temperature measurements will be accomplished by adopting a fast response, thin-film technique whose development is presently underway at Centrospazio. Tests aimed at more accurately estimating flow contamination are also foreseen.
